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Abstract 

Scorpine, a small cationic peptide from the venom of Pandinus imperator, which has been shown to have anti-bacterial and 
anti-plasmodial activities, has potential important applications in the pharmaceutical industries. However, the isolation of 
scorpine from natural sources is inefficient and time-consuming. Here, we first report the expression and purification of 
recombinant scorpine in Escherichia coli, using small ubiquitin-related modifier (SUMO) fusion partner. The fusion protein 
was expressed in soluble form in E. coli, and expression was verified by SDS-PAGE and western blotting analysis. The fusion 
protein was purified to 90% purity by nickel-nitrilotriacetic acid (Ni 2+ -NTA) resin chromatography. After the SUMO-scorpine 
fusion protein was cleaved by the SUMO protease, the cleaved sample was reapplied to a Ni 2+ -NTA column. Tricine/SDS- 
PAGE gel results indicated that Scorpine had been purified successfully to more than 95% purity. The recombinantly 
expressed Scorpine showed anti-bacterial activity against two standard bacteria including Staphylococcus aureus ATCC 
29213 and Acinetobacter baumannii ATCC 19606, and clinically isolated bacteria including S. aureus S, S. aureus R, A. 
baumannii S, and A. baumannii R. It also produced 100% reduction in Plasmodium falciparum parasitemia in vitro. Thus, the 
expression strategy presented in this study allowed convenient high yield and easy purification of recombinant Scorpine for 
pharmaceutical applications in the future. 
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Introduction 

The oldest known scorpions lived around 430 million years ago 
in the Silurian period, on the bottom of shallow tropical seas, 
hence regarded as the oldest terrestrial arthropods [1]. Scorpions 
use venoms for immobilization of prey and protection against 
predators. Scorpion venoms consist of a complex of several toxins 
that exhibit a wide range of biological properties and actions, as 
well as chemical compositions, toxicity, pharmacokinetic, and 
pharmacodynamic characteristics [2]. 

Scorpions are a rich source of antimicrobial peptides: (1) 
androctonin isolated from the hemolymph of Androctonus 
australis, shows marked sequence similarity to tachyplesins, 
polyphemusins and gomesin [3,4]; (2) hadrurin from the venom 
of Hadrurus aztecus, which is hemolytic [5]; (3) opistoporin- 1 , 
which possesses hemolytic activity, and opistoporin-2, both from 
the venom of the South African scorpion Opistophtalmus carinatus 
[6]; (4) scorpine, which is the subject of this study, arising from the 



venom of Pandinus imperator, was shown to have anti-bacterial 
and anti-plasmodial activity in vitro[7], and has shown a potent 
toxic effect on sexual and asexual stages of Plasmodium berghei 
and Plasmodium falciparum, respectively, and also a strong 
inhibition of dengue 2 virus (DENV-2) infection[8]. Native 
scorpine purified from venom glands has a molecular mass of 
8,350 Da. It has a peculiar structure compared to other known 
AMPs. Its N-terminal amino acid sequence is similar to cecropins, 
whereas its C-terminal region has several disulfide bridges, similar 
to the structure of defensins [7]. Scorpine's wide range of activities 
provides the possibility that scorpine can be used as an anti- 
microbial and anti-plasmodial agent in the future. 

For pharmaceutical applications, a large quantity of antimicro- 
bial peptides need to be produced economically. Isolation of 
antibacterial peptides from natural sources is inefficient and time- 
consuming. The biosynthesis of recombinant antimicrobial pep- 
tides in vivo is currently the most popular technique of preparing 



PLOS ONE | www.plosone.org 



1 



July 2014 | Volume 9 | Issue 7 | e1 03456 



Scorpine in E. coli Shows Anti-Bacterial and Plasmodial Activities 



polypeptides. The Escherichia coli expression system is still the 
most commonly used because of its high level of expression, the 
relative simplicity of the DNA manipulations, and the short time 
required to produce product. Because of their natural destructive 
behavior toward microorganisms and relative sensitivity to 
proteolytic degradation, antimicrobial peptides are often produced 
by being fused to a fusion partner in heterologous hosts to 
neutralize their innate toxic activity and increase their expression 
levels [9]. 

Small ubiquitin-related modifier (SUMO) is an ubiquitin-related 
protein that functions by covalent attachment to other proteins. It 
is known that the SUMO, fused at the N-terminus with other 
proteins, can fold and protect the protein by its chaperoning 
properties, making it a useful tag for heterologous expression. 
These advantages include the manner in which protein expression 
is enhanced, proteolytic degradation of the target protein is 
decreased, protein folding and solubility are increased, and 
purification and detection are simplified [10-12]. 

In this study, we provide the first report of the procedures for 
obtaining a recombinant Scorpine by using SUMO fusion partner 
and investigate its anti-bacterial and anti-plasmodial activities. 

Materials and Methods 

Bacterial Strains, Vectors, and Enzymes 

E. coli DH5a (maintained in our laboratory) was used for 
subcloning and plasmid amplification. E. coli BL21 (DE3) 
(Novagen, USA) was used as the expression host. The linearized 
pSUMO vector with Bsa I and Xho I restriction sites and T7 
promoter and kanamycin resistance and 6xHis sequence was 
purchased from LifeSensors (LifeSensors, Malvern, PA, USA). 
SUMO protease containing a histidine-tag was also the product of 
Lifesensors (Malvern, PA, USA). All the restriction enzymes and 
T4 DNA ligase were purchased from Takara Biotech Co. Ltd 
(Dalian, China). 

Strains of Staphylococcus aureus ATCC 29213 and Acineto- 
bacter baumannii ATCC 19606 were purchased from China 
General Microbiological Culture Collection Center (CGMCC, 
China) and cultured according to the method provided by 
CGMCC. 

Clinical Bacteria Sampling and Identification 

Strains of S. aureus S, S. aureus R, A. baumannii S, and A. 
baumannii R were isolated in clinc in the Third People's Hospital 
of Wuxi. The bacteria sampling was obtained in the burn wounds 
from burn patients, and was crossed to cultivate on blood agar for 
24 hours to obtain monoclonal colony, and then monoclonal 
bacteria were multiplication cultured in liquid medium for 24 h. 
The identification of proliferative monoclonal bacteria was first 
carried out with using VITEK R 2 - Compact automatic bacteria 
identification device (BIOMERIEUX) and furthermore, the 
isolated bacteria were confirmed through polymerase chain 
reaction amplification of conserved region of nuc gene for S. 
aureus (FW: 5 '-GCGATTGATGGTGATACGGTI-3 ' , RV: 5'- 
AGCCAAGCCTTGACGAACTAAAGC-3 ') [13], and multiplex 
amplification of 16 S-23 S ribo-somal DNA intergenic spacer 
region and conserved region of the recA gene for A. baumannii 
(FW: 5 ' -C ATTATC AC GGTAATTAGTG-3 ' , RV: 5'-AGAG- 
CACTGTGC ACTTAAG-3 ' for 16 S-23 S ribosomal DNA 
intergenic spacer region; FW: 5'-CCTGAATCTTCTGG- 
TAAAAC-3', RV: 5'-GTTTCTGGGCTGCCAAACATTAC-3' 
for recA gene) [14]. All PCR products were sequenced to confirm 
in GenScript Corporation (Nanjing, China). 



The antibiotic susceptibility was determined according to the 
Clinical Laboratory Standards Institute (CLSI) procedure [15]. 
The minimum inhibitory concentrations (MICs) of selected 
antibiotics were shown in Table 1. The MICs were determined 
at concentrations, at which there was no visible growth. The 
susceptible (S), and resistant (R) strains were defined based on 
MIC values of <4 |0,g/ml, and more than 16 |0,g/ml, respectively 
[16]. 

Ethics Statement 

The written informed consents were obtained from the patients 
in the Third People's Hospital of Wuxi; human red blood cells 
were obtained from Wuxi Red Cross Blood center (Wuxi, China). 
This study was approved by the Ethics Committees of the Third 
People's Hospital of Wuxi and Jiangsu Institute of Parasitic 
Diseases. 

Construction of Expression Vectors 

From the Metarhizium fungus with Scorpine gene of interest, 
which was a gift from Fang's laboratory [17], Scorpine gene was 
amplified by PCR using primers (FW: 5 ' -TAGGTCTCTAGG- 
TATGGGCTGGATTAACGAGGAGAAG-3' and RV: 5'-AT- 
TACTCGAGTTAGTAGGAGAGAGGGGTGCC-3').The PCR 
fragments were separated using 1.0% gel electrophoresis, purified 
with a DNA gel extraction kit (Takara, China). The resulting PCR 
product was digested with Bsa I and Xho I, and ligated into the 
pSUMO plasmid at the corresponding restriction sites [18]. The 
ligation mixture was transformed into E. coli DH5a cells for 
verification by sequencing (Nanjing Genscript Bio. Co. Ltd). 

Expression and Characterization of SUMO Fusion Protein 

The pSUMO/Scorpine plasmid that had been constructed, was 
transformed into competent E. coli BL21 (DE3). Three colonies 
were picked and cultured in 4 ml sterilized Luria-Bertani (LB) 
medium with vigorous shaking (220 rpm) at 37°C, to an optical 
density (OD 600 J of 0.6. Isopropyl-b-D-l-thiogalactopyranoside 
(IPTG) (0.5 mM) was then added to induce the expression of the 
recombinant protein at 28°C for 8 h. 

SDS-PAGE and Western Blotting Analyses 

The SDS-PAGE analysis was performed according to Laemmli 
[19] using 12% polyacrylamide gels. The total expression protein 
samples from cell lysates after induction were mixed with 
equivalent sample buffer (125 mM Tris-HCl, pH 6.8, 20% 
glycerol, 4% SDS, 0.005% bromophenol blue, and 10% 2- 
mercaptoethanol). Gels were stained with Coomassie brilliant blue 
R-250. 

The Tricine/SDS-PAGE analysis for the resolution of proteins 
smaller than 30 kDa was performed according to the reference 
[20] using 16.5% polyacrylamide gels. Gels were stained with 
Coomassie brilliant blue R-250. 

For western blotting, the same protein sample was separated on 
a 12% polyacrylamide gel under reducing conditions and then 
transferred to a polyvinylidene difluoride (PVDF) membrane 
(Roche Applied Science). The western blotting was performed as 
described [21]. The rabbit IgG secondary antibody was used 
against His-tag primary antibody (Novagen). The blots were 
developed using TMB immunoblotting system. 

Purification of SUMO Fusion Protein 

BL21(DE3)-pSUMO/Scorpine strains were cultured in 200 ml 
sterilized LB medium with vigorous shaking (220 rpm) at 37°C to 
an optical density (OD 60 o J of 0.6. Isopropyl-b-D- 1 -thiogalacto- 
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Table 1. Minimum inhibitory concentrations of selected antibiotics against S. aureus and A. baumannii. 



Antibiotic ^' aureus A. baumannii 



S. aureus ATCC 29213 S. aureus S S. aureus R A. baumannii ATCC 19606 A. baumannii S A. baumannii R 



Ampicillin 


<0.25 


8 


128 


256 


32 


256 


Ceftazidime 


16 


64 


256 


16 


8 


64 


Gentamycin 


0.25 


4 


256 


8 


4 


256 


Amikacin 


16 


4 


256 


4 


4 


256 


Erythromycin 


0.5 


4 


256 


16 


8 


256 


Tetracycline 


0.25 


4 


64 


0.5 


0.25 


16 


Ciprofloxacin 


0.25 


1 


256 


4 


4 


256 


Levofloxacin 


0.25 


4 


64 


1 


0.5 


4 



Note: Minimum inhibitory concentrations (MIC, ug/ml). 
doi:1 0.1 371 /journal.pone.01 03456.t001 



pyranoside (IPTG) (0.5 mM) was then added to induce the 
expression of the recombinant protein at 28°C for 8 h. Cultures 
were collected by centrifugation at 1 2,000 xg, at 4°C for 10 min 
and the cell pellet frozen at — 80°C. The pellet from 200 ml 
culture was then resuspended in 20 ml binding buffer (20 mM 
Tris, 500 mM NaCL 20 mM imidazole, and 10 mM phenyl- 
methylsulfonyl fluoride, pH 8.0) and lysed on ice by sonication at 
400 W for 100 cycles (4 s working, 8 s free). The supernatant of 
the cell lysate resulting from centrifugation at 1 2,000 xg at 4°C for 
20 min was applied to a nickel-nitrilotriacetic acid (Ni 2+ -NTA, 
Novagen) affinity chromatography column according to the 
manufacturer's instruction. After extensive washing with binding 
buffer (10 column volumes), the fusion protein was eluted with five 
column volumes of elution buffer (20 mM Tris, 500 mM NaCl, 
and 250 mM imidazole, pH 8.0). The peak fractions with high- 
UV values at 280 nm, which were detected by LPDataView 
(BIORAD), and containing the fusion protein were pooled and 
dialyzed overnight at 4°C against phosphate buffered saline (PBS, 
pH 8.0). 




Figure 1. Schematic representation of the expression vector 
pSUMO/Scorpine. Scorpine was expressed as a fusion protein with 
the SUMO. 

doi:1 0.1 371 /journal.pone.01 03456.g001 



Purification of Scorpine 

The dialyzed fusion protein was reacted with 1 U SUMO 
protease per 50 (Xg fusion protein at 30°C for 1 h. Since both 
SUMO and SUMO protease had 6xHis tags, but Scorpine did 
not, the cleaved SUMO fusion samples could be re-applied to the 
nickel column to obtain the purified Scorpine by subtracting the 
6xHis-tagged proteins. Briefly, after the SUMO fusions were 
cleaved by the SUMO protease, the sample was loaded onto a 
nickel column with Ni 2+ -NTA resin. Most of Scorpine without 
6xHis tags was eluted (five column volumes) in the flow-through 
(unbound) fractions, and the rest was recovered by washing the 
resin with binding buffer (10 column volumes). The eluted and 
washed proteins appearing in fractions with high-UV values at 
280 nm were pooled as the final purified sample. The purified 
proteins were checked on SDS-PAGE. Purified Scorpine was 
filtered through a 0.22 (Xm filter membrane and stored at — 80°C 
for activity assays. 

Anti-Bacterial Assays 

To measure effects of recombinant Scorpine on the growth of 
bacteria planktonic cell, the bacteria were transferred into 96-well 
flat-bottomed polystyrene microtiter plates (BD Falcon, Sanjose, 
CA, USA) at approximately 10 CFU/ml in tryptic soy broth 
(TSB) in the presence of recombinant Scorpine (5 and 10 |jM) and 
cultured at 37°C for 24 h under static conditions, aerobically. 
After cultivation, the supernatant was 1 0-fold serially diluted with 
0. 1 % sterile buffered peptone water (BPW), and the dilutions were 
pour-plated with tryptic soy agar (TSA). The bacteria numbers 
were determined and calculated by the counts on agar plates. 

To measure effects of recombinant Scorpine on the biofilm 
formation ability of bacteria, the crystal violet (CV) method was 
used [22]. Briefly, the intact bacteria remainder in each well of the 
plate after the supernatant transfer was rinsed three times with 
0.1% sterile BPW to remove planktonic and loosely attached cells, 
and the washed wells were air dried at 55°C for 1 h. The dried 
attached cells were stained with 1% CV solution at 37°C for 
30 min, washed twice with sterile distilled water and then air-dried 
at 55°C for 1 h. The stained biofilm cells were destained with 95% 
ethanol and measured at 570 nm (OD) (CV Biofi i m ). The negative 
control (CVcontroi) was used to reduce the background staining 
from the CV-stained biofilm cells. The biofilm formation ability 
was expressed by biofilm formation index (BFI = [CV Biofilm - 
CV 

Control J 

/ODp lankton ; ( .). 
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kDa 1 2 3 4 5 6 




(A) (B) <C) 



Figure 2. The expression analysis of recombinant Scorpine expressed in £ co/i BL21. The expression analysis using 12% SDS-PAGE (A), 
Western blotting (B), and 16.5% Tricine-SDS-PAGE (C). Lane 1: Protein molecular weight marker; lane 2: Crude cells extracts of uninduced E. coli BL21 
containing pSUMO/His-Sumo-Scorpine; lane 3: Crude cells extracts of induced £ coli BL21 containing pSUMO/His-Sumo-Scorpine; lane 4: Sonicated 
precipitate of induced £ coli BL21 containing pSUMO/His-Sumo-Scorpine; lane 5: Sonicated supernatant of induced £ coli BL21 containing pSUMO/ 
His-Sumo-Scorpine; lane 6: Purified eluate on a nickel-nitrilotriacetic acid (Ni 2+ -NTA, Novagen) affinity chromatography column; lane 7: Scorpine 
with cleavage of His-Sumo tag using SUMO protease; Black arrow showed His-Sumo-Scorpine and white arrow showed Scorpine with cleavage of 
His-Sumo tag. 

doi:1 0.1 371 /journal.pone.01 03456.g002 



Anti-Plasmodial Assay 

The P. falciparum FCC 1 /HN strain was used for the assay. 
The FCC 1/HN line was isolated from Hainan Island, China [23]. 
The strain was cultured in human erythrocytes type A+ at 5% 
hematocrit. The strain was cultured in RPMI (Gibco) medium 
supplemented with HEPES 25 mM, glutamine 2 mM, glucose 
2 g/1, NaHC0 3 2 g/1, hypoxanthine 29.25 mg/1, gentamicin 
60 mg/1 and Albumax 1.6% at pH 7.4. Cultures were kept in 
96% nitrogen, 3% C0 2 and 1% oxygen atmosphere at 37°C, and 
fresh medium was added every 24 h [24] . 

Synchronization of parasite cultures with 5% sorbitol (Sigma) 
was performed as previously described [25]. Briefly, parasites were 
taken when they were mostly at the ring stage, and then spinned 
down at 1000 rpm to a pellet; 4 mL of 5% sorbitol (in distilled 
water) were added onto the pellet and incubated for 45 min at 
room temperature and at the same time shaken with 2 or 3 times, 
then centrifuged at 1000 rpm and washed with 3 times in malaria 
culture medium, and finally, the synchronized parasites at the ring 
stage were cultured in human erythrocytes type A+ at 5% 
hematocrit. About 24 h after the synchronized parasites were 
cultured, the majority trophozoite stage parasites were diluted to 
1.5% parasitemia and exposed to recombinant Scorpine (5 and 
10 |i.M) for 24, 48 and 72 h. The medium was discharged, and 
fresh medium with the appropriate recombinant Scorpine 
concentration was added every 24 h. The percentage of infected 
red blood cells was determined by two experienced microscopists 
using the microscopic examination of thin blood films stained with 
Giemsa. A total of 5,000 cells from several fields were counted for 
every thin blood film. Each recombinant Scorpine concentration 
was tested at least triplicate. Controls with recombinant Scorpine 
solvent (PBS) and non-treated infected erythrocytes were included 
[8]. 



Statistical Analysis 

All experiments were conducted in duplicate for at least three 
replicates. Results were expressed as means±S.D. Statistical 
analysis was performed according to Student's t-test by one-way 
analysis of variance. Significant difference was taken asj!><0.05. 

Results 

Plasmid Construction and the Expression of SUMO 
Fusion Protein 

The construct for Scorpine expression, containing a His-tag for 
affinity purification, was depicted in Fig. 1. The recombinant 
plasmid pSUMO/ Scorpine sequence was verified by DNA 
sequencing (Nanjing Genscript Bio. Co. Ltd). The correct 
construct was transformed into the expression host E. coli BL21 
(DE3). As shown in Fig. 2A and B, there was an obvious protein 
band after IPTG induction, which could be detected using the 
western blotting method with anti-6xHis tag antibody. The 
apparent molecular weight of the SUMO fusion protein was about 
18 kDa (the scorpine gene encoded a protein of 75 amino acids, 
with 8 kDa; and the molecular weight of SUMO is about 10 kDa). 

Purification of SUMO/Scorpine Fusion Protein 

As described above, Ni-NTA resin was used for fusion protein 
purification. Most of the proteins without 6xHis tags were 
removed from the Ni 2+ — NTA resin using washing buffer 
containing 20 mM imidazole, and the 6xHis-tagged SUMO/ 
Scorpine was eluted with more than 90% purity using elution 
buffer containing 250 mM imidazole (Fig. 2A). The purity was 
estimated through SDS-PAGE gels stained using Coomassie Blue. 
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Figure 3. Inhibition of recombinant Scorpine against the growth of planktonic bacteria. (A) 5. aureus ATCC 29213 (B) 5. aureus S (C) S. 
aureus R (D) A. baumannii ATCC 19606 (E) A. baumannii S (F) A. baumannii R cultured in the presence of recombinant Scorpine for 24 h. Different 
letters (A-C) are significantly different within treatments at p<0.05. 
doi:1 0.1 371 /journal.pone.01 03456.g003 



Purification of Scorpine 

The SUMO/Scorpine protein was competently cleaved after 
incubation with SUMO protease at 30°C for 1 h, according to the 
method provided by LifeSensors (LifeSensors, Malvern, PA, USA). 
After the cleaved sample was re-applied to a Ni 2+ -NTA column to 
remove His 6 -tagged SUMO and SUMO protease, finally purified 
Scorpine was obtained, and 16.5% Tricine/SDS-PAGE gel results 
indicated that Scorpine had been purified successfully to more 
than 95% purity (Fig. 2C). 

Anti-Bacterial Activities of Recombinant Scorpine 

It was very important to demonstrate that recombinant 
Scorpine was capable of producing inhibition of bacteria growth 
similar to that originally shown for native Scorpine as purified 
from P. imperator venom [7]. As shown in Fig. 3, recombinant 
Scorpine was able to inhibit the growth of two standard bacteria 
including S. aureus ATCC 29213 and A. baumannii ATCC 
19606 from China General Microbiological Culture Collection 
Center, and four clinically isolated bacteria including S. aureus S, 
S. aureus R, A. baumannii S, and A baumannii R. 

In natural habitats, the biofilm formation is an important 
survival strategy for bacteria that can be embedded within a self- 
produced extracellular polymeric matrix of polysaccharides, 
proteins, lipids and nucleic acids [26,27]. We investigated effects 
of recombinant Scorpine on the biofilm formation ability of two 
standard bacteria including S. aureus ATCC 29213 and A. 
baumannii ATCC 19606, and clinically isolated bacteria including 
S. aureus S, S. aureus K,A. baumannii S, and^l. baumannii R. As 
shown in Fig. 4, recombinant Scorpine was able to significantly 



inhibit the biofilm formation of bacteria, including (A) S. aureus 
ATCC 29213 (B) S. aureus S (C) S. aureus R (D) A. baumannii 
ATCC 19606 (E) A. baumannii S, except that inhibition of 
recombinant Scorpine against the biofilm formation of (F) A. 
baumannii R did not appear to be significant. 

Anti-Plasmodial Activities of Recombinant Scorpine 

The trophozoite stage cultures of Plasmodium falciparum were 
exposed to recombinant Scorpine. As shown in Fig. 5 and Fig. SI, 
the tested concentrations (5 and 10 |J,M) of recombinant Scorpine 
reduced Plasmodium falciparum parasitemia over the time course 
of the experiment in relation to controls in vitro. And, a critical 
dependence on exposure time was also observed in recombinant 
Scorpine treated cultures. At 48 h of exposure, no parasites were 
observed at recombinant Scorpine 5 (J.M or above. In addition, no 
infected erythrocytes were detected after 72 h, at all tested 
concentrations. During the process of the anti-plasmodial assay 
in our study, we did not observe that scorpine was hemolytic, at 
least for recombinant scorpine in Escherichia coli. This further 
suggest that recombinant Scorpine had anti-plasmodial activities. 

Discussion 

Scorpion venoms are rich sources of peptides with a variety of 
pharmacological functions, special those that interact with 
membrane permeability for Na + , K + , Ca 2+ and CFof excitable 
and non-excitable cells [28]. Several antimicrobial peptides have 
been described from scorpions [3-5] . Among the peptides isolated 
from the venom of the African scorpion Pandinus imperator, a 
molecule, named Scorpine, was identified [7], showing anti- 
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Figure 4. Inhibition of recombinant Scorpine against the biofilm formation indices of bacteria. (A) 5. aureus ATCC 29213 (B) 5. aureus S 
(C) 5. aureus R (D) A. baumannii ATCC 19606 (E) A. baumannii S (F) A. baumannii R cultured in the presence of recombinant Scorpine for 24 h. Different 
letters (A-C) are significantly different within treatments at p<0.05. 
doi:1 0.1 371 /journal.pone.01 03456.g004 



bacterial and anti-plasmodial activities [7,8], with the possibility of 
being used as an anti-microbial and anti-plasmodial agent in the 
future. In this study, we have shown that the expression and 
purification of recombinant Scorpine in Escherichia coli, using the 
small ubiquitin-related modifier (SUMO) fusion partner. 

Small ubiquitin-related modifer (SUMO) is an ubiquitin-related 
protein that functions by covalent attachment to other proteins. 
SUMO has 18% sequence identity with ubiquitin [29]. The yeast 
Saccharomyces cerevisiae has only a single SUMO gene (SMT3) 
that is essential for viability [30]. In contrast to yeast SMT3, three 
members of SUMO have been described in vertebrates: SUMO-1, 
SUMO-2, and SUMO-3. Human SUMO-1, a 101 amino acid 
polypeptide, shares 50% sequence identity with human SUMO-2/ 
SUMO-3 [31], which are close homologues. It is known that 
SUMO, fused at the N-terminus with other proteins, can fold and 
protect the protein by its chaperoning properties, making it a 
useful tag for heterologous expression [12,32]. All SUMO genes 
encode precursor proteins with a short C-terminal sequence that 
extends from the conserved C-terminal Gly-Gly motif. SUMO 
proteases remove SUMO from proteins, by cleaving the C-termini 
of SUMO (-GGATY) in yeast to the mature form (-GG) or 
deconjugating it from lysine side chains [33,34]. The former 
activity (protease) is useful for removal of SUMO as an expression 
tag. In this study, we expressed scorpine as SUMO fusions in E. 
coli to evaluate its anti-bacterial and anti-plasmodial activities. The 
SUMO fusion protein was successfully expressed in E. coli. The 
SUMO/scorpine fusion protein could be completely cleaved using 
SUMO protease, as shown in Fig. 2C. The Scorpine, which is 



about 8 kDa, was recovered with 95% purity using nickel affinity 
chromatography again. 

Similar to that originally shown for native Scorpine as purified 
from P. imperalor venom [7] , the recombinant Scorpine was able 
to inhibit the growth of not only standard bacteria from China 
General Microbiological Culture Collection Center, but also 
clinically isolated bacteria, suggesting potential important clinical 
applications (Fig. 3). To further confirm the potential clinical 
values of Scorpine, we investigated effects of recombinant 
Scorpine on biofilm formation ability of bacteria, using the CV 
method [22]. As shown in Fig. 4, the recombinant Scorpine was 
able to inhibit the biofilm formation of bacteria. The biofilm 
formation as a bacterial survival strategy leads to increased 
resistance to heat, acid, preservatives, and antibiotics [35,36]. 
Bacterial infections can mainly occur after consumption of 
contaminated foods. The ingested bacteria are exposed to acidic 
stress and bile salt under oxygen-limited conditions during transit 
through the stomach, the small intestine, and the colon. These 
stress conditions can influence antibiotic resistance patterns, 
biofilm-forming abilities, and virulence properties [37]. Moreover, 
antibiotic-resistant bacteria can possibly reside in biofilms and lead 
to enhanced tolerance to adverse environmental conditions, 
causing serious infectious diseases [38-40]. Our data showed that 
the recombinant Scorpine was able to inhibit not only the growth 
of bacteria but aslo the biofilm formation of bacteria, suggest that 
the potential clinical use of Scorpine in the future. 

Malaria, caused by Plasmodium infection, is one of the most 
debilitating parasitic diseases of humans, with an estimated 225 
million clinical cases and 781,000 deaths per year [41]. Scorpine 
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Figure 5. Inhibition of recombinant Scorpine against the infection of P. falciparum FCC1/HN in vitro. (A) Recombinant Scorpine with 
cleavage of His-Sumo tag using SUMO protease, was added to Plasmodium falciparum FCC1/HN cultures at different concentrations (10 and 5 \iM) for 
24, 48 and 72 h. The number of infected erythrocytes was counted as described in the "Materials and methods" section. Asterisks indicate significant 
difference (*p<0.05; comparision with the solvent control). (B) The representative microscopic images of the parasites treated with recombinant 
Scorpine for 24 h, using the microscopic examination of thin blood films stained with Giemsa (100x, oil immersion). 
doi:1 0.1 371 /journal.pone.01 03456.g005 

was shown to have anti-plasmodial activities [7,8]. So, we 
investigated effects of recombinant Scorpine on P. falciparum. 
As shown in Fig. 5, the tested concentrations reduced Plasmodium 
falciparum parasitemia over the time course of the experiment, 
using P. falciparum trophozoite stage cultures that were exposed 
to recombinant Scorpine. These data suggest that similar to that 
originally shown for native Scorpine, recombinant Scorpine in E. 
coli was able to inhibit the infection of Plasmodium spp. 

In summary, the SUMO fusion partner and customized 
expression and purification protocol described here have further 
improved the efficiency and lowered the costs of Scorpine 
production. The SUMO fusion partner could also be widely 
applied to the industrial production of a variety of enzyme proteins 
in E. coli. 




Supporting Information 

Figure SI The representative microscopic images of the 
parasites treated with recombinant Scorpine for 0 h, 48 h, and 
72 h, using the microscopic examination of thin blood films 
stained with Giemsa (lOOx, oil immersion). 
(TIF) 

Acknowledgments 

We thank the anonymous reviewers, who provided constructive criticisms 
and helpful suggestions. 

Author Contributions 

Conceived and designed the experiments: CZ JC QG. Performed the 
experiments: CZ XH YG. Analyzed the data: CZ HZ JC QG. Contributed 
reagents/materials/analysis tools: XH. Contributed to the writing of the 
manuscript: CZ HZJC QG. 



References 



1. Ali SA, Zaidi ZH, Abbasi A (1995) Oxygen transport proteins: I. Structure and 
organization of hemocyanin from seorpion {Buthus sindicus). Comp Biochcm 
Physiol 112: 225-232. 



2. DingJ, Chua PJ, Bay BH, Gopalakrishnakone P (2014) Scorpion venoms as a 
potential source of novel cancer therapeutic compounds. Exp Biol Med 
(Maywood). [Epub ahead of print] . 



PLOS ONE | www.plosone.org 



7 



July 2014 | Volume 9 | Issue 7 | e1 03456 



Scorpine in £ coli Shows Anti-Bacterial and Plasmodial Activities 



3. Ehret-Sabatier L, Loew D, Goyffon M, Fchlbaum P, Hoffmann JA, et al. (1996) 
Characterization of novel cystcinc-rich antimicrobial peptides from scorpion 
blood. J Biol Chem 271: 29537-29544. 

4. Hctru C, Lctcllicr L, Oren Z, Hoffmann JA, Shai Y (2000) Androctomn, a 
hydrophilic disulphidc-bridgcd nonhaemolytic anti-microbial peptide: a plausi- 
ble mode of action. BiochemJ 345: 653-664. 

5. Torres-Larios A, Gurrola GB, Zamudio FZ, Posanni LD (2000) Hadmrin, a new 
antimicrobial peptide from the venom of the scorpion Hadrurus aztecus. 
Eur j Biochem 267: 5023-5031. 

6. Moerman L, Bostecls S, Noppe W, Willcms J, Clynen E, et al. (2002) 
Antibacterial and antifungal properties of alpha-helical, cationic peptides in the 
venom of scorpions from southern Africa. EurJ Biochem 269: 4799-4810. 

7. Conde R, Zamudio FZ, Rodriguez MH, Possani LD (2000) Scorpine, an anti- 
malaria and anti-bacterial agent purified from Scorpion venom. FEBS Lett 471: 
165-168. 

8. Carballar-Lcjarazu R, Rodriguez MH, de la Cruz Hernandez-Hernandez F, 
Ramos- Castancda J, Possani LD, et al. (2008) Recombinant scorpine: a 
multifunctional antimicrobial peptide with activity against different pathogens. 
Cell Mol Life Sci 65: 3081-3092. 

9. Zhou L, Zhao Z, Li B, Cai Y, Zhang S (2009) TrxA mediating fusion expression 
of antimicrobial peptide CM4 from multiple joined genes in Escherichia coli. 
Protein Expression and Purification 64: 225-230. 

10. Butt TR, Edavettal SC, Hall JP, Mattern MR (2005) SUMO fusion technology 
for difficult-to -express proteins. Protein Expr Purif; 43: 1—9. 

11. Sun Z, Xia Z, Bi F, Liu JN (2008) Expression and purification of human 
urodilatin by small ubiquitin-related modifier fusion in Escherichia coli. Appl 
Microbiol Biotechnol 78: 495-502. 

12. Wang Q, Min C, Zhu F, Xin Y, Zhang S, et al. (201 1) Production of Bioactive c- 
Glutamyl Transpeptidase in Escherichia coli Using SUMO Fusion Partner and 
Application of the Recombinant Enzyme to L-Theanine Synthesis. Curr 
Microbiol 62(5): 1535-1541. 

13. Brakstad OG, Aasbakk K, Maeland JA (1992) Detection of Staphylococcus 
aureus by polymerase chain reaction amplification of the nuc gene. J Clin 
Microbiol 30(7): 1654-60. 

14. Chiang MC, Kuo SC, Chen YC, Lee YT, Chen XL, et al. (201 1) Polymerase 
chain reaction assay for the detection of Acinetobacter baumannii in 
endotracheal aspirates from patients in the intensive care unit. J Microbiol 
Immunol Infect 44(2): 106-10. 

15. CLSI (2009) Methods for dilution antimicrobial susceptibility tests for bacteria 
that grow aerobically. Approved standard M07-A8. 

16. Hamilton-Miller JMT, Shah S (1996) Activity of glycylcyclines CL 329998 and 
CL 331002 against minocycline-resistant and other strains of mcthicillin resistant 
Staphylococcus aureus.} Antimicrob Chemother 37: 1171-1175. 

17. Fang W, Vega-Rodriguez J, Ghosh AK, Jacobs- Lorcna M, Kang A, et al. (201 1) 
Development of transgenic fungi that kill human malaria parasites in 
mosquitoes. Science 331(6020): 1074-1077. 

18. SambrookJ, Fritsch EF, Maniatis T (1989) Molecular cloning. In: A laboratory 
manual, 2nd edn. New York: Cold Spring Harbor Laboratory Press. 880-898. 

19. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the 
head of bacteriophage T4. Nature 277: 680-685. 

20. Schagger H (2006) Tricine-SDS-PAGE. Nat Protoc 1(1): 16-22. 



21. Wu YF, Fan YM, Xue B, Luo L, ShenJY, et al. (2006) Human glutathione S- 
transferase PI - 1 interacts with TRAF2 and regulates TRAF2-ASK1 signals. 
Oncogene 25: 5787-5800. 

22. Niu C, Gilbert ES (2004) Colorimetric method for identifying plant essential oil 
components that affect biofilm formation and structure. Appl Environ Microbiol 
70: 6951-6956. 

23. Pan W, Huang D, Zhang Q, Qu L, Zhang D, et al. (2004) Fusion of Two 
Malaria Vaccine Candidate Antigens Enhances Product Yield, Immunogenicity, 
and Antibody-Mediated Inhibition of Parasite Growth In Vitro. J Immunol 172: 
6167-6174. 

24. Trager W, Jensen JB (1976) Human malaria parasites in continuous culture. 
Science 193: 673-675. 

25. Lambros C, Vanderberg JP (1979) Synchronization of Plasmodium falciparum 
erythrocytic stages in culture. J Parasitol 65: 418-420. 

26. Donlan RM, Costerton JW (2002) Biofilms: Survival mechanisms of clinically 
relevant microorganisms. Clin Microbiol Rev 15: 167—193. 

27. Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev Microbiol 8: 
623-633. 

28. Possani LD, Becerril B, Delepierre M, Tytgat J (1999) Scorpion toxins specific 
for Na + -channcls. EurJ Biochem 264(2): 287-300. 

29. Yeh ET, Gong L, Kamitani T (2000) Ubiquitin-like proteins: new wines in new 
bottles. Gene 248: 1-14. 

30. Jentsch S, Pyrowolakis G (2000) Ubiquitin and its kin: how close are the family 
ties? Trends' Cell Biol 10: 335-342. 

31. Saitoh H, HinchcyJ (2000) Functional heterogeneity of small ubiquitin-related 
protein modiWers SUMO-1 versus SUMO-2/3. J Biol Chem 275: 6252-6258. 

32. Xun Z, Michael RM, Robin T, Li SS, John H, et al. (2005) Expression and 
puriWcation of SARS coronavirus proteins using SUMO-fusions. Protein 
Expression and Purication 42: 100-110. 

33. Li SJ, Hochstrasser M (1999) A new protease required for cell-cycle progression 
in yeast. Nature 398: 246-251. 

34. Li SJ, Hochstrasser M (2000) The yeast ULP2 (SMT4) gene encodes a novel 
protease speciWc for the ubiquitin-like Smt3 protein, Mol Cell Biol 20: 2367- 
2377. 

35. Chmielewski R, Frank JF (2003) Biofilm formation and control in food 
processing facilities. Compr Rev Food Sci Food Saf 2: 22-32. 

36. Van Houdt R, Michiels C (2010) Biofilm formation and the food industry, a 
focus on the bacterial outer surface. J Appl Microbiol 109: 1 1 17-1 131. 

37. Ricscnbcrg-Wilmcs M, Bearson B, Foster J, Curtis R (1996) Role of the acid 
tolerance response in virulence of Salmonella typhimurium. Infect Immun 64: 
1085-1092. 

38. Langsrud S, Sundhcim G, Hoick AL (2004) Cross-resistance to antibiotics of 
Escherichia coli adapted to bcnzalkonium chloride or exposed to stress-inducers. 
J Appl Microbiol 96: 201-208. 

39. Ngwai YB, Adachi Y, Ogawa Y, Hara H (2006) Characterization of biofilm- 
forming abilities of antibiotic-resistant Salmonella typhimurium DTI 04 on 
hydrophobic abiotic surfaces. J Microbiol Immunol Infect 39: 278-291. 

40. Kim SH, Wei CI (2007) Biofilm formation by multidrug-resistant Salmonella 
enterica serotype Typhimurium phage type DTI 04 and other pathogens. J Food 
Prot 70: 22-29. 

41. Alonso PL, Brown G, Arevalo-Herrera M, Binka F, Chitnis C, et al. (2011) A 
research agenda to underpin malaria eradication. PLoS medicine 8: cl000406. 



PLOS ONE | www.plosone.org 



8 



July 2014 | Volume 9 | Issue 7 | e103456 



